All relevant data are within the paper.

Introduction {#sec001}
============

Salt-alkalization is a major global environmental and land resource issue. There is approximately 0.25 to 0.5 Mha of agricultural land lost annually due to soil salinization worldwide, especially in arid and semiarid areas \[[@pone.0125305.ref001]\]. Soil salinization and alkalization, frequently occurring together, significantly reduce crop productivity \[[@pone.0125305.ref002]--[@pone.0125305.ref004]\]. It is estimated that there are 950 million ha of saline-alkalized land worldwide \[[@pone.0125305.ref005]\]. Given that the cultivated area of alkaline soils (37% = 0.56 x 10^9^ ha) is larger than that of saline soils (23% = 0.34 x 10^9^ ha) \[[@pone.0125305.ref006]\], soil alkalinity constrains crop production more than soil salinity.

Breeding for alkali-salt tolerant plant species and cultivating these species on alkali-salt soil has been an effective approach for alleviating soil salinization and improving saline-alkalized soil. Establishing tolerant plant species on saline-alkalized soil can not only alleviate soil salinization but also achieve economic return. Switchgrass has been considered as one of the ideal plant species to alleviate the salinization of soil. Switchgrass is a warm-season C~4~ perennial steppe plant which is native to North America (Great Plains and much of the eastern part). It distributes naturally from 55°N latitude in Canada into the United States and Mexico \[[@pone.0125305.ref007]--[@pone.0125305.ref009]\]. Historically, this species has been classified into two main ecotypes based on its morphology and habitat: upland and lowland \[[@pone.0125305.ref010]\]. Because switchgrass requires relatively modest levels of fertilizers \[[@pone.0125305.ref011]--[@pone.0125305.ref014]\], it can grow on marginal lands, including millions of hectares of salinized lands, to avoid competition with arable lands. This grass can be used for soil conservation because of its strong root system \[[@pone.0125305.ref015]\]. Switchgrass is not only used as a forage with high biomass potential \[[@pone.0125305.ref011], [@pone.0125305.ref012]\], but also for large scale lignocellulosic biofuel production \[[@pone.0125305.ref016], [@pone.0125305.ref017]\]. It can survive for ten years or longer once it is established via seed and/or rhizome propagation. Selection of switchgrass lines with improved tolerance to alkali-salt stress has been one of the major goals of switchgrass breeding programs.

High pH in alkali-salt soil may significantly affect photosynthesis and photosynthetic electron transport \[[@pone.0125305.ref018]\]. Yang et al. \[[@pone.0125305.ref019]\] found that the alkali-salt induced decline in Pn was related not only to destruction of photosynthetic pigments and decreasing of g~s~, but also to imbalances of intracellular Na^+^ and K^+^. The high pH caused by alkali-salt may damage photosynthetic activity. Moreover, the high-pH environment surrounding the roots may directly cause Ca^2+^, Mg^2+^ and H~2~PO~4~ ^-^ to precipitate \[[@pone.0125305.ref020]\], inhibit ion uptake \[[@pone.0125305.ref019]\], and disrupt the ion homeostasis of plant cells. The level of cell membrane damage can be measured by an increase in electrolyte leakage (EL). Photosynthetic efficiency can be determined by measuring leaf net photosynthetic rate (Pn), stomatal conductance (g~s~), and transpiration rate (Tr) \[[@pone.0125305.ref021]--[@pone.0125305.ref028]\]. Leaf relative water content (RWC) is also a commonly used index for evaluating alkali-salt stress tolerance. Previous reports indicate that RWC decreases as intensity of saline-salt and alkali-salt stress increases. The extent of the decreases in RWC under alkali salt was greater than those observed under saline-salt \[[@pone.0125305.ref003], [@pone.0125305.ref029]--[@pone.0125305.ref033]\]. The physiological parameters (Pn, g~s~, Tr, EL and RWC) are closely associated with overall photosynthetic function, and could be used as markers for screening alkali-salt tolerance in various plant species.

Evaluating and identifying plant materials that are tolerant to alkali-salt stress is important for plant breeding programs. However, no research has been reported on evaluation of alkali-salt stress of switchgrass lines using the physiological parameters as described previously. Therefore, the objectives of this study were: 1) to determine the physiological responses of 30 lowland and upland switchgrass lines, 2) to identify alkali-salt tolerant and sensitive switchgrass lines, and 3) to establish a screening model for plant tolerance to alkali-salt stress by principal component and cluster analysis.

Materials and Methods {#sec002}
=====================

Plant Materials and Growth Conditions {#sec003}
-------------------------------------

This study was carried out in the greenhouse facility of Virginia Tech, Blacksburg, VA, USA from February through June, 2014. A total of 30 switchgrass lines were used in this study. Experimental lines included AM-314/MS-155, Alamo, TEM-SEC, Kanlow, TEM-LoDorm, BN-13645-64, TEM-SLC, 70SG0019, Pathfinder, Blackwell-3, BN-8624-67, Cave-in-Rock, 70SG0023, T16971, 70SG001, BN-12323-69, Caddo, 70SG002, BN-18758-67, 70SG0018, T-2086, Sunburst, BN-11357-63, Summer, Grenville-2, 70SG0022, BN-10860-61, Grif Nebraska 28, Blackwell-1 and Dacotah. Among the 30 lines, AM-314/MS-155, Alamo, TEM-SEC, Kanlow, TEM-LoDorm, BN-13645-64 and TEM-SLC were lowland ecotypes, while the rest were upland ecotypes.

The diverse switchgrass lines were originally obtained from the United States Department of Agriculture Germplasm Center and grown in field plots at the Virginia Tech research farm in Blacksburg, VA. Tillers of each line were collected from the field plots in September, 2013, and grown in pots in a greenhouse at Virginia Tech, Blacksburg, VA. About one dozen tiller buds with a similar size from each line were transplanted into plastic pots (15 cm diameter on the top, 10.5 cm diameter at the bottom, and 14 cm deep, with eight 10 mm drainage holes at the bottom) filled with sand on Jan. 21, 2014. A piece of plastic screen was placed in the bottom of the pot to prevent sand from leaching. The pots were kept in the greenhouse with temperature of 28±1°C during the day and 24±1°C during the night, photosynthetic active radiation (PAR) at 400 μmol ^-2^ s ^-1^, and a 14 h photoperiod. In addition, the seedlings were irrigated daily and fertilized twice a week with half-strength Hoagland's solution \[[@pone.0125305.ref034]\].

When the plants reached E5 developmental stage \[[@pone.0125305.ref035]\], they were subjected to alkali-salt stress treatment. The alkali-salt treatment solution, which consisted of equal molarity of Na~2~CO~3~ and NaHCO~3~, with a concentration of Na^+^ at 150 mM and pH of 9.5, was prepared with half strength Hoagland's nutrient solution. The solution for the control group was half strength Hoagland's only. In order to avoid stress shock \[[@pone.0125305.ref036]\], the concentration of alkali-salt solution was applied at 50 mM on the first day (22 March, 2014) and then gradually increased to 150 mM at an increase of 50 mM each day. Then each pot was placed in a plastic tray (16 cm diameter, 6.5 cm deep) filled with either alkali-salt treatment solution or half strength Hoagland's nutrient solution only. The lower third portions of the pots were submerged in the solutions all the time. Half strength Hoagland's nutrient solution was added daily to maintain the same level of solution in the tray. After six days of treatment, samples were taken for analysis. The experiment was completed at day 20 (10 April, 2014).

Measurements {#sec004}
------------

All measurements took place at six days after initial treatment. Some lines started wilting after day 6 and were lost due to alkali-salt stress injury after day 10. Therefore, no physiological measurements were made after day 6.

### Photosynthetic parameters {#sec005}

Pn, g~s~, and Tr were measured using a portable photosynthesis system (Li-6400 XT, LICOR, Inc, Lincoln, NE, USA) under controlled atmosphere conditions (385 μmol mol^−1^ CO~2~, 500 μmol s^-1^ flow rate, 26°C) and a Licor 6400 LED external light source (a photosynthetic photon flux density (PPFD) at 2000 μmol m^−2^ s^−1^). The uppermost fully expanded leaf on the main tiller in each pot was selected for measurements. Three readings were collected for each sample and the average was used for statistical analysis.

### Leaf electrolyte leakage {#sec006}

Leaf EL was measured using Marcum's method \[[@pone.0125305.ref037]\] with some modifications. The top 2nd-3rd mature leaf was excised and cut into 2 cm segments. After being rinsed three times with distilled de-ionized H~2~O, 0.2 g leaf segments were placed in a test tube containing 20 mL distilled de-ionized H~2~O. The test tubes were agitated on a shaker for about 24 h and the solution conductivity (C~1~) was measured with a conductivity meter (Symphony SR601C pH/EC meter, VWR Corporation, Radnor, PA). Leaf samples were then autoclaved at 100 ^o^C for 30 min, and the conductivity of the solution containing killed tissue was measured once the tubes cooled down to room temperature (C~2~). The relative EL was calculated as (C~1~/ C~2~) ×100.

### Leaf relative water content {#sec007}

Leaf RWC was measured using Weatherley's method \[[@pone.0125305.ref038]\] with some modifications. The top 2^nd^-3^rd^ mature leaf was excised and cut into small segments. Leaf segments, weighed up to 0.2 g fresh, were then immediately placed in de-ionized H~2~O in capped containers to maintain approximately 100% relative humidity in the container in order for leaves to reach full hydration at room temperature. It takes approximately overnight for leaves to be fully rehydrated. Samples were removed from water and lightly blotted dry to remove all surface moisture, and then weighed for turgid weight. Dry weight was then determined for samples dried in an oven at 75--85 ˚C for approximately 48--72 hours. The RWC % was calculated as (fresh weight--dry weight)/ (turgid weight--dry weight) ×100.

### Alkali-salt tolerance trait index {#sec008}

The STTI (salt tolerance trait index) has been used to assess the salt tolerance of different lines in past studies. STTI was calculated using the formula: STTI = (value of trait under salt stress condition)/(value of trait under controlled condition) × 100 \[[@pone.0125305.ref039]--[@pone.0125305.ref041]\]. Based on the concept of STTI, ASTTI (Alkaline-salt tolerance trait index) was adopted in this study to estimate alkali-salt tolerance.

Experimental Design and Statistical Analysis {#sec009}
--------------------------------------------

When plants reached the E5 developmental stage, eight pots with uniform growth from each line were selected for the alkali-salt stress experiment. A split plot design was used with alkali-salt stress treatments as the main plots and lines as the subplots. The main plots consisted of alkali-salt stress treatment and control (no alkali-salt stress). The alkali-salt stress and control groups were physically paired with each other and randomly placed in each of four pairs (replicates). The subplots consisted of 30 lines. The 30 lines in each main plot were randomly placed in each replicate. There were four replications. All data were subjected to analysis of variance. Mean separations were performed using Fisher\'s protected least significant difference (LSD) test at 5% level.

Correlation, principal component analysis, and cluster analysis were carried out for all traits. Synthesis scores derived from principal component analysis were used to determine relative alkali-salt tolerance among the 30 lines \[[@pone.0125305.ref042]\]. Eigenvectors (Y~1~) were calculated based on the following formula: $$Y_{1} = - 0.324EL\  + \ 0.043RWC\  + \ 0.542Pn\  + \ 0.546g_{s} + \ 0.550Tr$$

The coefficient for each parameter in formula (1) was from the related A~1~ value in [Table 1](#pone.0125305.t001){ref-type="table"}. Similarly, the Y~2~ and Y~3~ were calculated based on the relative values of A~2~ and A~3~ in [Table 1](#pone.0125305.t001){ref-type="table"}. The Y~1~, Y~2~, and Y~3~ values of each line were calculated based on the ASTTI value of each physiological parameter for the given line and listed in [Table 2](#pone.0125305.t002){ref-type="table"}. The synthesis score for each line was calculated by the formula ([2](#pone.0125305.e002){ref-type="disp-formula"}) using Eigenvalues (λ) as a weighted index and are listed in the right column in [Table 2](#pone.0125305.t002){ref-type="table"}. $$Y = \frac{\lambda_{1}}{\sum_{i = 1}^{3}\lambda_{i}}\ Y_{1} + \frac{\lambda_{2}}{\sum_{i = 1}^{3}\lambda_{i}}\ Y_{2} + \frac{\lambda_{3}}{\sum_{i = 1}^{3}\lambda_{i}}\ Y_{3}$$ Where *λ* ~1~ = 2.994, *λ* ~2~ = 1.127, *λ* ~3~ = 0.654. ${\sum_{i - 1}^{3}\lambda_{i}} = \lambda_{1} + \lambda_{2} + \lambda_{3} = 2.994 + 1.127 + 0.654 = 4.075$ ([Table 2](#pone.0125305.t002){ref-type="table"})

All statistical analyses and calculations were conducted using SAS v. 9.3 software \[[@pone.0125305.ref043]\].

10.1371/journal.pone.0125305.t001

###### Principal component analysis among physiological measurements in 30 switchgrass lines under alkali-salt stress conditions.

![](pone.0125305.t001){#pone.0125305.t001g}

  Eigenvector     λ~1~     λ~2~           λ~3~
  --------------- -------- -------------- -------
                  2.994    1.127          0.654
  Cumulative      0.599    0.824          0.955
  Physiological            Eigenvectors    
  Parameters      A~1~     A~2~           A~3~
  EL              -0.324   -0.474         0.813
  RWC             0.043    0.855          0.509
  Pn              0.542    -0.139         0.223
  g~s~            0.546    -0.141         0.055
  Tr              0.550    -0.069         0.165

10.1371/journal.pone.0125305.t002

###### Eigenvectors and synthesis scores of the physiological parameters in 30 switchgrass lines under alkali-salt stress conditions.

![](pone.0125305.t002){#pone.0125305.t002g}

  Population         Eigenvectors                    
  ------------------ -------------- -------- ------- --------
  TEM-SEC            0.673          -0.115   2.020   0.670
  Alamo              0.656          -0.063   1.971   0.665
  TEM-SLC            0.589          -0.169   2.027   0.605
  Kanlow             0.569          -0.110   2.014   0.605
  70SG001            0.308          -0.104   1.937   0.432
  T16971             0.171          -0.083   2.067   0.369
  70SG0023           0.233          -0.244   2.037   0.366
  Grif Nebraska 28   0.163          -0.174   2.130   0.351
  T-2086             0.118          -0.108   2.018   0.323
  Grenville-2        -0.001         0.027    1.858   0.258
  BN-10860-61        -0.073         0.006    1.903   0.214
  Cave-in-Rock       -0.096         -0.003   1.918   0.200
  TEM-LoDorm         -0.131         -0.028   1.988   0.182
  BN-12323-69        -0.120         -0.178   2.068   0.164
  Pathfinder         -0.155         -0.048   1.941   0.155
  BN-18758-67        -0.034         -0.288   1.787   0.154
  Dacotah            -0.166         -0.340   2.445   0.148
  BN-11357-63        -0.182         -0.069   2.032   0.146
  70SG002            -0.105         -0.318   2.064   0.140
  70SG0018           -0.165         -0.047   1.870   0.140
  Sunburst           -0.250         -0.114   2.136   0.107
  Blackwell-3        -0.260         0.048    1.859   0.101
  Summer             -0.285         -0.242   2.349   0.084
  70SG0022           -0.296         -0.295   2.396   0.071
  Blackwell-1        -0.335         -0.436   2.638   0.046
  70SG0019           -0.437         -0.055   1.999   -0.015
  BN-13645-64        -0.387         -0.736   2.886   -0.024
  BN-8624-67         -0.447         -0.129   2.084   -0.027
  Caddo              -0.463         -0.430   2.596   -0.039
  AM-314/MS-155      -0.536         -0.670   2.749   -0.120

Results {#sec010}
=======

The two factors (alkali-salt stress treatment and line) and the interactions between them were statistically significant (P ≤ 0.05) for EL, RWC, Pn, g~s~, and Tr. Statistically significant differences in the physiological parameters were observed among the 30 switchgrass lines. The alkali-salt tolerant and sensitive lines were clearly identified based on the physiological parameters by cluster analysis and principal component analysis.

Effects of Alkali-salt Stress on Leaf EL {#sec011}
----------------------------------------

Leaf EL increased in response to alkali-salt stress in all lines ([Fig 1](#pone.0125305.g001){ref-type="fig"}). EL responses to alkali-salt stress varied greatly among the 30 lines, with Alamo, TEM-SEC, Grenville-2, 70SG001, Kanlow, 70SG0023 and TEM-SLC having less EL under alkali-salt stress, and ASTTI values less than 155%. Alamo had the least EL under alkali-salt stress, with an ASTTI at 144%. On the other hand, BN-13645-64, AM-314/MS-155, Blackwell-1, Caddo, Dacotah, 70SG0022, and Summer had greater EL increase under alkali-salt stress, with ASTTI values greater than 213%. BN-13645-64 had the highest EL, with an ASTTI value of 284%.

![Leaf electrolyte leakage (EL) of 30 lines under control (solid bar) and alkali-salt stress (150 mM Na^+^ with pH of 9.5; open bar) at six days of alkali salt treatment.\
The line represents alkali-salt tolerance trait index (ASTTI). The lower the ASTTI, the better the alkali-salt tolerance. Values are means ±SEM (n = 4). The bar represents LSD (0.05) for ASTTI.](pone.0125305.g001){#pone.0125305.g001}

Effects of Alkali-salt Stress on Leaf RWC {#sec012}
-----------------------------------------

Alkali-salt stress reduced leaf RWC in all lines ([Fig 2](#pone.0125305.g002){ref-type="fig"}). The RWC response to alkali-salt stress varied among lines. Alkali-salt induced decline in RWC was relatively small for Alamo, T16971, Sunburst, Kanlow, Blackwell-3, TEM-LoDorm, and BN-11357-63, with ASTTI values for these lines being greater than 99%. Alamo had the least reduction in RWC under alkali-salt stress, with an ASTTI of 100%. In contrast, Alkali-salt stress caused greater RWC reduction for BN-18758-67, 70SG002, AM-314/MS-155, BN-13645-64, 70SG0023, BN-12323-69, and 70SG0018, with ASTTI values being less than 92%. Among the lines, BN-18758-67 had the greatest reduction in RWC due to alkali-salt stress with an ASTTI value of 69%.

![Relative water content (RWC) of 30 lines under control (solid bar) and alkali-salt stress (150 mM Na^+^ with pH of 9.5; open bar) at six days of alkali salt treatment.\
The line represents alkali salt tolerance trait index (ASTTI). The greater the ASTTI, the better the alkali salt tolerance. Values are means ±SE (n = 4). The bar represents LSD (0.05) for ASTTI.](pone.0125305.g002){#pone.0125305.g002}

Effects of Alkali-salt Stress on Pn {#sec013}
-----------------------------------

Alkali-salt stress caused a reduction in Pn regardless of lines ([Fig 3](#pone.0125305.g003){ref-type="fig"}). Variations in Pn in responses to alkali-salt stress were found between lines. T16971, 70SG001, Kanlow, Alamo, TEM-SLC, TEM-SEC and 70SG0023 had less Pn decline, with ASTTI values greater than 51.0%. Among the lines, T16971 had the least Pn reduction due to alkali-salt stress, with an ASTTI of 81.4%. In contrast, 70SG0019, BN-8624-67, BN-11357-63, Blackwell-3, AM-314/MS-155, 70SG0018, and Sunburst had greater Pn reduction due to alkali-salt stress, with ASTTI values being less than 19.5%. The Pn decreased the most for BN-18758-67 and this line had an ASTTI value of 6.4%.

![Photosynthetic rate (Pn) of 30 lines under control (solid bar) and alkali-salt stress (150 mM Na^+^ with pH of 9.5; open bar) at six days of alkali-salt treatment.\
The line represents alkali-salt tolerance trait index (ASTTI). The greater the ASTTI, the better the alkali salt tolerance. Values are means ±SE (n = 4). The bar represents LSD (0.05) for ASTTI.](pone.0125305.g003){#pone.0125305.g003}

Effects of Alkali-salt Stress on g~s~ {#sec014}
-------------------------------------

Alkali-salt stress reduced g~s~ in all lines ([Fig 4](#pone.0125305.g004){ref-type="fig"}). The change of g~s~ in response to alkali-salt stress varied greatly among the 30 lines. 70SG001, Grif Nebraska 28, TEM-SLC, Alamo, TEM-SEC, 70SG0023, and Kanlow had less g~s~ reduction due to alkali-salt stress, with ASTTI values greater than 49.4%. 70SG001 had the greatest ASTTI of 84.0%. On the other hand, alkali-salt stress caused larger reductions in g~s~ for 70SG0019, BN-8624-67, Summer, Blackwell-3, Pathfinder, TEM-LoDorm, and Caddo, which had ASTTI values less than 18.2%. 70SG0019 had the lowest g~s~, with an ASTTI value of 7.3%.

![Stomatal conductance (g~s~) of 30 lines under control (solid bar) and alkali-salt stress (150 mM Na^+^ with pH of 9.5; open bar) at six days of alkali salt treatment.\
The line represents alkali-salt tolerance trait index (ASTTI). The greater the ASTTI, the better alkali salt tolerance. Values are means ±SE (n = 4). The bar represents LSD (0.05) for ASTTI.](pone.0125305.g004){#pone.0125305.g004}

Effects of Alkali-salt Stress on Tr {#sec015}
-----------------------------------

Alkali-salt stress reduced Tr in all lines ([Fig 5](#pone.0125305.g005){ref-type="fig"}). Tr responses to alkali-salt stress varied among the lines. 70SG001, T16971, Kanlow, TEM-SLC, TEM-SEC, Alamo, and 70SG0023 had less Tr reduction due to alkali-salt stress, with ASTTI values greater than 32.9%. 70SG0023 had the least Tr reduction, with an ASTTI of 67.0%. On the other hand, 70SG0019, BN-8624-67, Blackwell-3, Caddo, Pathfinder, BN-18757-67, and Dacotah had greater Tr reduction due to alkali-salt stress, with ASTTI values less than 16.1%. Alkali-salt stress reduced Tr the most for 70SG0019 which had an ASTTI value of 6.5%.

![Transpiration rate (Tr) of 30 lines under control (solid bar) and alkali-salt stress (150 mM Na^+^ with pH of 9.5; open bar) at 6 days of alkali-salt treatment.\
The line represents alkali-salt tolerance trait index (ASTTI). The greater the ASTTI, the better the alkali salt tolerance. Values are means ±SE (n = 4). The bar represents LSD (0.05) for ASTTI.](pone.0125305.g005){#pone.0125305.g005}

Correlation, Principal Component Analysis, and Clustering Analysis of Physiological Parameters {#sec016}
----------------------------------------------------------------------------------------------

Correlations between the physiological parameters under alkali-salt stress conditions are shown in [Table 3](#pone.0125305.t003){ref-type="table"}. There were negative correlations of EL with g~s~ (r = -0.417, p\<0.05) and Tr (r = -0.408, p\<0.05). Pn was positively correlated with g~s~ (r = 0.876, p\<0.001) and Tr (r = 0.893, p\<0.001). The level of correlation between g~s~ and Tr (r = 0.875, p \<0.001) was almost the same as that between Pn and g~s~.

10.1371/journal.pone.0125305.t003

###### Correlation coefficient (r) among the physiological parameters in 30 switchgrass lines under alkali-salt stress.

![](pone.0125305.t003){#pone.0125305.t003g}

  Parameters   EL                                            RWC      Pn                                               g~s~                                             Tr
  ------------ --------------------------------------------- -------- ------------------------------------------------ ------------------------------------------------ -------
  EL           1.000                                                                                                                                                     
  RWC          -0.227                                        1.000                                                                                                       
  Pn           -0.34                                         0.007    1.000                                                                                              
  g~s~         -0.417[\*](#t003fn001){ref-type="table-fn"}   -0.039   0.876[\*\*\*](#t003fn001){ref-type="table-fn"}   1.000                                             
  Tr           -0.408[\*](#t003fn001){ref-type="table-fn"}   0.053    0.893[\*\*\*](#t003fn001){ref-type="table-fn"}   0.875[\*\*\*](#t003fn001){ref-type="table-fn"}   1.000

\*, \*\*\* represent correlation coefficient (r) was statistically significant at *P* = 0.05, and 0.001, respectively.

We constructed the correlation matrix using the sample mean of five physiological parameters from 30 lines ([Table 3](#pone.0125305.t003){ref-type="table"}). Then the eigenvalues (λ), cumulative percentage of eigenvalues and their eigenvectors (A) were calculated using the correlation matrix. The three eigenvalues (λ~**1**~, λ~**2**~, and λ~**3**~) with the highest numeric values were selected from the five eigenvalues. The sum of these three eigenvalues accounted for 95.5% of the total genetic variance ([Table 1](#pone.0125305.t001){ref-type="table"}). This indicated that the three corresponding eigenvectors (A~1~, A~2~, and A3) were sufficient to represent the five aforementioned physiological indexes for the purpose of evaluating switchgrass tolerance to alkali-salt stress.

As shown in [Table 1](#pone.0125305.t001){ref-type="table"}, the first principal component, eigenvector A~1~, accounted for 59.9% of the variation. The first principal element consisted of high levels of Pn, g~s~ and Tr, and low levels of EL and RWC. Since the factors composing eigenvector A~1~ (Pn, g~s~, and Tr) were related to photosynthesis, the first principal component A~1~ was called the photosynthetic factor. The second principal component, eigenvector A~2~, accounted for 22.5% with the greatest value being RWC. Therefore, we named A~2~ the RWC factor. The third principal component, eigenvector A~3~, accounted for 13.1%, with the greatest value being EL. Therefore, we named A~3~ the EL factor.

The calculated values of the three principal components from 30 switchgrass lines are shown in [Table 2](#pone.0125305.t002){ref-type="table"}. The synthesis scores indicate that six lines, including TEM-SEC, Alamo, TEM-SLC, Kanlow, 70SG001, and T16971, had higher scores, showing they had greater resistance to alkali-salt stress than other lines. In contrast, the last six lines, including AM-314/MS-155, Caddo, BN-8624-67, BN-13645-64,70SG0019, and Blackwell-1, had smaller scores and were considered sensitive to alkali-salt stress. The rest of the lines had medium levels of alkali-salt tolerance.

The physiological parameters in 30 switchgrass lines were used for a cluster analysis. As shown in [Fig 6](#pone.0125305.g006){ref-type="fig"}, the experimental lines fell into three categories: Category I (five lines), including TEM-SEC, Kanlow, 70SG0023, Alamo and TEM-SLC, had the lowest level of overall EL and the highest levels of overall Pn, g~s~ and Tr (that is, the highest level of photosynthetic index). These lines accounted for 16.67% of total experiment lines and were considered as alkali-salt stress tolerant lines. Category II (18 lines), including Grif Nebraska 28,70SG0019, Pathfinder, Blackwell-3, BN-8624-67, Cave-in-Rock, T16971, 70SG001, BN-12323-69, 70SG002, BN-18758-67, 70SG0018, TEM-LoDorm, T-2086, Sunburst, BN-11357-63, Grenville-2, and BN-10860-61, had medium levels of all physiological indices. These lines accounted for 60% of total experiment lines. Category III (7 lines), including Caddo, Summer, 70SG0022, AM-314/MS-155, Blackwell-1, BN-13645-64 and Dacotah, had the lowest levels of overall physiological indices and therefore the least tolerant to alkali-salt stress. These lines accounted for 23.3% of total experiment lines and were considered as alkali-salt sensitive lines. Overall, the alkali-salt stress tolerance of three categories was ranked as: Category I \> Category II \> Category III.

![Clusters analysis of five physiological parameters in 30 switchgrass lines.](pone.0125305.g006){#pone.0125305.g006}

Discussion {#sec017}
==========

Selection of Proper Alkali-salt Concentration for Screening Switchgrass Lines {#sec018}
-----------------------------------------------------------------------------

The proper concentration of alkali-salt concentration is critical to evaluate lines for alkali-salt tolerance. In this study, treatment with 150 mM Na^+^ and a pH of 9.5 caused significant physiological responses in the 30 lines. At 6 days after treatment initiation, differences in the physiological parameters were clearly identified among the lines. Fan *et al*. \[[@pone.0125305.ref014]\] found that the Pn, g~s~, Tr, and Chl content of 'Alamo' switchgrass seedlings declined with the NaCl concentration increasing from 50 through 200 mM in a solution culture system, and pointed out that the salt tolerance threshold of switchgrass was 178.6 mM. Du *et al*. \[[@pone.0125305.ref044]\] noted that salt stress (100--250 mM NaCl) reduced the Chl content and increased EL in switchgrass seedlings. However, Liu et al. \[[@pone.0125305.ref045]\] found that a salt stress level of 250 mM NaCl was suitable for evaluating the salt tolerance of different switchgrass lines in hydroponic systems. However, no research has been reported on proper concentrations for alkali-salt stress treatment in switchgrass.

Alkali-salt stress exerted the salt stress factors but with the added influence of high-pH stress. Some studies also clearly revealed alkali-salts have a more severe effect on plant growth than neutral salts, such as direct toxicity effects \[[@pone.0125305.ref003], [@pone.0125305.ref019], [@pone.0125305.ref030], [@pone.0125305.ref046]--[@pone.0125305.ref048]\]. Liu *et al*. \[[@pone.0125305.ref049]\] found that switchgrass was capable of germinating and surviving well in all treatments under low-alkali pH (pH ≤ 8.3), regardless of the salinity. The three treatment groups designated as C4 (salinity = 110 mM, pH = 10.7), D3 (salinity = 160 mM, pH = 9.5) and D4 (salinity = 160 mM, pH = 10.7) did not show seed germination. This suggests alkali-salts have a more severe effect on plant growth than neutral salts, although switchgrass seeds may not germinate in the soil with pH at 9.5 as reported previously Liu *et al*. \[[@pone.0125305.ref049]\]. The mature individual plants we used in this study may have greater tolerance to alkali-salt stress relative to young seedlings. Therefore, a pH of 9.5 may be appropriate for screening switchgrass lines for alkali-salt tolerance. In our study a Na^+^ concentration of 150 mM was used, which was slightly lower than the concentration used for aforementioned neutral salt stress. So we suggest that the 150 mM Na^+^ with pH 9.5 may be appropriate for screening switchgrass line for alkali-salt stress tolerance.

Selection of Physiological Parameters for Screening the Switchgrass Lines {#sec019}
-------------------------------------------------------------------------

Our results demonstrated that alkali-salt stress (150 mM Na^+^, pH 9.5) caused cell membrane damage (higher EL) and reduced RWC, as well as Pn, g~s~, and Tr, regardless of the line. These results are in agreement with previous studies with sunflower \[[@pone.0125305.ref003]\], alfalfa \[[@pone.0125305.ref026]\], wheat \[[@pone.0125305.ref028]\], *Leymuschinensis* \[[@pone.0125305.ref029]\], *Puccinelliatenuiflora* \[[@pone.0125305.ref030]\], *Aneurolepidiumchinense* \[[@pone.0125305.ref031]\], cotton \[[@pone.0125305.ref033]\], and tomato plants \[[@pone.0125305.ref050]\].

Soil salinity and alkalinity interfere with both seed germination and plant growth \[[@pone.0125305.ref049], [@pone.0125305.ref051], [@pone.0125305.ref052]\]. Some studies clearly revealed that alkali-salts have more direct toxicity effects on plant growth than neutral salts. Alkali stress can cause the loss of normal physiological functions of the roots and destruction of root cell structure \[[@pone.0125305.ref028]\]. The high-pH environment surrounding the roots due to alkali stress can directly cause Ca^2+^, Mg^2+^ and H~2~ PO~4~ ^-^ to precipitate \[[@pone.0125305.ref020]\], and may inhibit the absorption of ions such as Cl^−^, NO~3~ ^--^, and H~2~PO~4~ ^--^ \[[@pone.0125305.ref053]\], as well as to cause an imbalance of intracellular Na^+^ and K^+^ \[[@pone.0125305.ref032]\], leading to disruption of ion homeostasis of plant cells \[[@pone.0125305.ref053]\]. Alkalinity may reduce efficiencies of photon capture and electron transport by PSII and result in Pn decline \[[@pone.0125305.ref054]\]. This suggests that although the mechanism of alkali-salt stress induced toxicity to plants are more complex than that of neutral salt induced toxicity, the five physiological parameters (Pn, Tr, gs, EL, and RWC) can be used as indicators for assessing the level of alkali-stress tolerance among the switchgrass lines.

The results of our study indicate the 30 lines varied greatly in tolerance to alkali-salt stress based on ASTTI of each parameter. Since Pn was highly correlated with g~s~ and Tr in this study, relative alkali-salt tolerance of the lines was determined mainly based on Pn and ASTTI of Pn. T16971,70SG001, Kanlow, Alamo, TEM-SLC, TEM-SEC, and 70SG0023 were considered alkali-salt tolerant because of higher Pn and the ASTTI, with greater ASTTI values among the 30 lines. In contrast, 70SG0019, BN-8624-67, BN-11357-63, Blackwell-3, AM-314/MS-155, 70SG0018 and Sunburst were alkali-salt sensitive because of lower Pn and ASTTI values in these lines.

Pn and its ASTTI can be considered as the best indicator for alkali-salt tolerance. EL and RWC and their ASTTI can also be used for evaluating alkali-salt stress tolerance. Alkali-salt tolerant lines had relatively lower EL and its ASTTI, whereas alkali-salt tolerant lines had higher EL and its ASTTI values.

Statistical Model for Evaluating Switchgrass Lines for Alkali-salt Tolerance {#sec020}
----------------------------------------------------------------------------

Because of weak correlations of Pn with RWC, and EL, the classification of lines in alkali-salt stress tolerance based on Pn may not always match with those according to RWC and EL. Therefore, principal component analysis and cluster analysis were used to further evaluate tolerance to alkali-salt for the 30 lines. The results of this study showed that the information from the five physiological parameters is mainly composed of the three principal components, with cumulative contribution rates accounting for 95.5% of the total genetic variance. This indicates that the three corresponding eigenvectors (A~1~, A~2~, and A~3~) were sufficient to represent the five aforementioned physiological indexes for the purpose of evaluating switchgrass tolerance.

Comprehensive evaluation of the alkali-salt tolerance of switchgrass lines were performed based on principal component analysis. The first principal component consisted of higher levels of Pn, g~s~, and Tr, and negative EL. This indicates that the lines with a greater first principal component (a higher photosynthetic factor and lower EL) were classified as alkali-salt tolerant. This suggests that photosynthetic factors can be used as the primary index for evaluating switchgrass tolerance to alkali-salt stress.

A higher RWC value was found in the second principal component, and greater EL was in the third principal component, therefore, RWC and EL could also be useful parameter in evaluating alkali-salt stress tolerance in switchgrass. A higher level of alkali-salt content in the soil solution may significantly reduce water potential in the root zone. As a result, water in cells may move from inside to outside cell. The water moving out from cell could reduce cell water content (lower RWC), resulting in a shrinking of cell cytoplasm and cell membrane damage (higher EL). A line with higher RWC and lower EL under alkali-salt stress may have less damage and greater resistance to alkali-salt stress than that with lower RWC and higher EL.

The synthesis scores based on to the three principal components (Y~1~, Y~2~, and Y~3~) were used to confirm relative tolerance to alkali-salt stress among the 30 lines. The results indicated the six lines, including TEM-SEC, Alamo, TEM-SLC, Kanlow, 70SG001, and T16971, had higher synthesis scores and can be considered as alkali-salt tolerant. In contrast, the last six lines AM-314/MS-155, Caddo, BN-8624-67, BN-13645-64, 70SG0019, and Blackwell-1had lower synthesis scores and were sensitive to alkali-salt stress. Li et al \[[@pone.0125305.ref042]\] indicated that the synthesis score is suitable for evaluating quality traits in 11 millet cultivars. This suggests that the synthesis score derived from eigenvectors may be a useful parameter for evaluating alkali-salt tolerance in switchgrass.

In this study, the 30 switchgrass lines fell into three categories based on clustering analysis. Among them, Category I, including five lines (TEM-SEC, Kanlow, 70SG0023, Alamo and TEM-SLC) had the lowest level of overall EL and highest overall Pn, g~s~ and Tr (that is, the greatest photosynthetic index). These lines accounted for 16.7% of total experimental lines and were the most tolerant to alkali-salt stress. There were four lines (TEM-SEC, Alamo, TEM-SLC, and Kanlow) in Category I which coincided with four of previous six lines determined by principal component analysis. Category III included seven lines (Caddo, Summer, 70SG0022, AM-314/MS-155, Blackwell-1, BN-13645-64 and Dacotah) and had the lowest overall physiological indices and therefore are the least tolerant to alkali-salt stress. These lines accounted for 23.3% of total experimental lines. There were four lines (AM-314/MS-155, Caddo, BN-13645-64, and Blackwell-1) in Category III coinciding with four of the six lines with lower tolerance to alkali-salt by principal component analysis. Category II, including 18 lines, with medium levels of all physiological indices, accounted for 60.0% of total experimental lines.

The results of this study indicated that tolerance to alkali-salt stress varied widely among the lines. AM-314/MS-155 and Blackwell-1 exhibited initial leaf wilting on day 6, and complete leaf wilting on day 10 of treatment. This is in agreement with the results by principal component analysis and cluster analysis. There were only three lines (TEM-SEC, Alamo and Grif Nebraska 28) which survived the alkali-salt stress treatment for 20 days. Of the three lines, TEM-SEC and Alamo are lowland ecotypes, while Grif Nebraska 28 is an upland ecotype. All top four lines (TEM-SEC, Alamo, TEM-SLC and Kanlow) based on principal component analysis were lowland ecotypes. This suggests that lowland ecotypes may have greater tolerance to alkali-salt stress than upland ecotypes. This may be related to the environment during evolution of lowland ecotypes. Further investigations on mechanisms of differential tolerance to alkali-salt stress between lowland and upland are warranted.

Conclusion {#sec021}
==========

Alkali-salt concentration at 150 mM and pH 9.5 was appropriate for screening mature switchgrass plant lines for alkali-salt stress tolerance. The 30 switchgrass lines differed significantly in alkali-salt tolerance. Based on the physiological parameters (EL, RWC, Pn, gs, and Tr), principal component analysis, and cluster analysis, as well as the relative ASTTI values, lowland lines TEM-SEC, Alamo, TEM-SLC and Kanlow were classified as alkali-salt tolerant. In contrast, three lowland lines (AM-314/MS-155, BN-13645-64) and two upland lines (Caddo and Blackwell-1) were classified as alkali-salt sensitive lines. The rest of the lines have moderate tolerance to alkali-salt stress. The selected physiological parameters may be suitable for screening alkali-salt stress tolerance in switchgrass. The results of this study also suggest that a statistical model that combines principal component and cluster analysis of the selected physiological parameters is effective for evaluating alkali-salt tolerance in switchgrass.
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